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instead  of  rotor  radius 
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rotor  shaft  angle,  angle  between  shaft  axis  and  normal 
to  V,  positive  nose  up,  deg  or  rad 

rotor  tip  path  plane  angle,  angle  between  rotor  tip  path 
plane  and  ?,  positive  nose  up,  deg  or  rad. 

O 

circulation  strength  of  a vortex  filament,  ft  /sec 

rocket  launch  attitude,  positive  nose  up,  mil 

blade  collective  pitch,  positive  pitch  up,  deg 

rotor  advance  ratio,  component  of  V parallel  to  rotor 
tip  path  plane  nondimensionalised  by  rotor  tip  speed 
(Vc  osajppAiK ) 

air  density,  lb/ ft 3 

wake  skew  angle:  angle  between  normal  to  rotor  disc  and 

wake  boundary,  deg  or  rad 

blade  azimuth  angle  measured  from  x axis  (see  Fig.  l), 
positive  in  the  direction  of  rotation,  deg  or  rad 

rotor  rotational  frequency,  rad/sec 


The  accurate  determination  of  the  flow  field  around  a helicopter  is  required 
when  the  helicopter  is  used  as  a weapons  platform.  Since  a free-flight  projectile 
such  as  a rocket,  when  fired  from  a helicopter,  may  initially  be  travelling  at  a 
speed  which  is  of  the  same  order  of  magnitude  as  the  flow  velocities,  the  flow 
field  induced  by  the  rotor  wake  system  can  have  a significant  effect  on  the  rocket 
trajectory.  This  may  necessitate  some  form  of  aiming  compensation  or  special 
firing  techniques  — particularly  at  the  low  helicopter  flight  speeds  at  which 
rockets  are  to  be  fired  in  accordance  with  current  Army  tactical  concepts. 

For  many  years  the  United  Aircraft  Research  Laboratories  have  been  engaged  in 
analytical  and  experimental  studies  pertaining  to  the  determination  of  helicopter 
rotor/wake  flow  velocities.  Several  of  these  studies,  which  include  both  the  mea- 
surement and  prediction  of  rotor  wake  geometries  and  associated  induced  velocities 
are  described  in  References  i through  10.  References  1 through  3 represent  previous 
efforts  In  this  field  which  were  supported  by  the  Dept,  of  the  Army  and  contain 
information  which  is  particularly  pertinent  to  any  study  of  the  flow  environment  of 
a he.lico  ,er  when  hovering  or  flying  at  low  speeds.  Most  of  the  analytical  methods 
described  in  these  references  have  placed  emphasis  on  the  flow  field  at  the  rotor 
disc.  However,  wit*"  certain  recognized  assumptions,  the  methods  are  applicable  to 
predicting  the  flow  field  anywhere  in  the  vicinity  of  the  helicopter.  Refinements 
to  t..a  analysis,  such  as  ‘■he  provision  fox'  transient  conditions  (e.g.,  simulated 
gusts),  inclusion  of  the  fuselage  influence,  and  improvements  in  the  far  wake  model 
are  currently  in  progress. 

To  assess  the  influence  if  the  rotor/wake  flow  field  on  the  flight  path  of  a 
2.75  inch  rocket  fired  from  the  Army  Ari-IG  helicopter  when  hovering  or  flying  at 
low  forward  speeds,  available  UARL  analyses  were  used  to  predict  the  induced  flow 
velocities  along  the  rocket  trajectories.  Existing  UARL  computer  analyses  which 
have  the  capability  to  calculate  the  deformed  tip  vortex  geometry  and  rotor  wake 
induced  velocities  was  modified  to  calculate  the  flow  velocities  along  the  near 
rocket  trajectories  corresponding  to  rochets  mounted  at  four  wing  locations.  The 
analyses  were  applied  to  predict  the  time- varying  (instantaneous)  and  time-averaged 
velocities  for  helicopter  flight  speeas  of  0,  15,  and  3°  knots,  A brie:’  sensitivity 
study  was  conducted  to  show  the  sensitivity  of  the  predicted  flow  velocities  to 
variations  in  wake  geometry,  rocket  launch  attitude,  and  rocket  mount  location. 

The  induced  velocity  results  from  this  investigation  are  intended  for  use  in  Army 
trajectory  analyses  to  assess  the  influence  of  the  aerodyncnic  interference  of  the 
rotor  wake  on  rocket  trajectories. 


Included  in  this  report  are  (l)  a brief  description  of  the  computer  analyses 
used  and  inherent  assumptions,  (2)  a description  of  the  flight  conditions,  aircraft 
configuration  and  wake  models  used  in  the  cnalyses,  (3)  presentation  and  discussion 
of  the  induced  velocity  results  for  the  three  flight  conditions,  (4)  a discussion 
of  areas  for  further  consideration,  and  (5)  suggested  pr  cedures  for  applying  the 
induced  velocity  results  in  rocket  trajectory  calculations. 
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BRIEF  DESCRIPTION  OF  THEORETICAL  METHODS 


Theoretical  jaetheds  developed  at  the  United  Aircraft  Research  Laboratories  in 
recent  years  were  used  dicing  the  course  of  this  investigation.  The  following  brief 
description  of  the  theoretical  methods  is  presented  to  acquaint  the  reader  with  the 
analyses  used.  More  detailed  information  on  the  contents,  assumptions  and  results 
of  the  methods  is  contained  in  Refs.  1 through  8. 

The  basic  components  of  the  UARL  Rotor  Analysis  are  shown  in  Fig.  2.  Sines 
the  objective  of  this  study  was  to  compute  induced  velocities  rather  than  rotor 
airloads  and  stresses,  the  UARL  blade  response  analysis  was  not  used  and  blade 
motions  and  control  settings  from  & teetering  rotor  analysis  were  provided  by  the 
Bell  Helicopter  Company.  A brief  description  of  each  of  the  other  component  methods 
making  up  the  UARL  Rotor  Analysis  follows. 


INDUCED  VELOCITY  AMD  CIRCULATION  ANALYSIS 

The  UARL  Prescribed  Wake  Rotor  Inflow  Analysis  (Deck  F389)  is  described  in 
Refs.  3 end  4.  The  function  of  this  program  is  to  compute  the  rotor  time  varying 
circulation  and  inflow  distribution  that  is  compatible  with  a prescribed  set  of 
blade  section  opsrating  conditions  and  a prescribed  wake  geometry.  In  its  simplest 
form  the  analysis  generally  represents  an  extension  of  the  rotary-wing  equivalent 
of  the  classical  lifting  line  approach  used  successfully  for  fixed  wings.  Each 
blade  is  represented  by  a segmented  lifting  line,  and  the  wake  is  represented  by 
a finite  number  of  segmented  vortex  filaments  trailing  from  the  blade  segment 
boundaries.  The  fundamental  relations  of  blade  circulation  to  lift  coefficient, 
angle  of  attack,  blade  motions,  control  settings,  induced  velocity,  and  wake  geo- 
metry are  used  in  this  analysis.  The  circulation  equations  represent  a matrix  of 
terms, the  number  of  which  equals  the  square  of  the  number  of  points  on  the  rotor 
disc  (number  of  azimuth  positions  x number  of  radial  stations).  Once  the  circula- 
tions are  computed,  the  velocities  induced  at  and  away  (e.g.,  at  rocket  trajectories) 
from  the  rotor  disc  by  the  bound  and  trailing  vorticity  of  the  rotor  can  be  deter- 
mined through  application  of  the  Biot-Savart  law  which  can  be  expressed  simply  in 
the  following  form: 


vi  = f Wake  Geometry ) 
1 

-E  (r)  (GC) 


(1) 


4rtR 


Here  the  induced  velocity  at  a point  on  the  blade,  v^,  is  a function  of  the  circu- 
lations, T,  and  wake  geometry,  and  is  proportional  to  the  susraati on  of  the  products 
of  the  circulation  strength,  r,  and  the  geometric  influence  coefficient,  GC,  of 
each  element  of  vorticity  in  the  rotor-wake  system.  The  geometric  coefficient  is 
related  only  to  the  geometry  between  a wake  element  and  the  point  at  which  the 
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Induced  velocity  is  being  computed.  Since  the  veto  geometry  is  prescribed,  the 
wake  may  vary  from  an  undistorted  wake  model  to  a complex  experimental  or  distorted 
analytical  wake  model  with  tip  vortex  roll-up  and  vortex  core  effects  mathemati- 
cally modeled. 


HAKE  GEQM5TEY  ANALYSIS 

The  Rotor  Inflow  Analysis  requires  that  the  rotor  wake  geometry  be  specified  in 
order  for  circulations  and  induced  velocities  to  be  determined.  There  are  several 
alternatives  for  rotor  wake  geometry.  The  least  complex  is  a classical  undiatorted 
wake  which  is  simply  a function  of  the  flight  condition  and  momentum  inflow  velocity. 
The  coordinates  of  this  helical  wake,  which  is  skewed  in  forward  flight,  are  easily 
generated  in  a prescribed  wake  type  of  analysis  given  the  governing  parameters  which 
can  be  iterated  on  if  desired.  If  analytical,  realistic  distorted  wake  geometries 
require  more  complex  and  operationally  expensive  computer  analyses.  Appropriate 
experimental  wake  data  is  certainly  most  desirable,  but,  except  for  hover,  is  not 
currently  available  for  most  rotor  configurations  and  forward  flight  conditions. 

It  has  been  established  that  the  requirement  for  distortions  from  the  classical 
type  wake  geometry  is  dependent  on  the  rot ore raft  configuration,  flight  condition, 
parameter  of  interest  and  accuracy  required.  For  example,  an  undistorted  wake 
geometry  is  generally  sufficiently  accurate  for  integrated  performance  calculations 
(thrust,  torque,  etc.)  for  conventional  rotorcraft  operating  in  high  speed  flight. 
However,  for  hover  and  low  speed  conditions  wake  distortions  are  very  significant. 
Either  an  undistorted  or  distorted  wake  geometry  may  be  used  in  the  Rotor  Inflow 
Analysis.  Distorted  wake  geometry  may  be  from  analytical  or  experimental  sources. 

Undistorted  Wake 

In  its  simplest  form,  the  wake  from  each  blade  can  be  assumed  to  be  a classical 
undiatorted  skewed  helical  sheet  of  vorticity  defined  from  momentum  considerations 
(hereafter  referred  to  as  the  undistorted  wake).  Sample  undistorted  wake  represen- 
tations are  shown  in  Figs.  3 and  h for  hovering  and  forward  flight  conditions, 
respectively.  In  Fig.  Ua,  a sample  computer  plot  of  the  undiatorted  wake  (AH-1G  30 
kt  condition)  is  presented.  All  vortex  filaments  are  shown*.  In  Fig.  hb,  only  the 
tip  vortex  filament  is  presented.  The  coordinates  of  the  undiatorted  wake  represen- 
tation are  obtained  from  the  rotor  advance  ratio,  u,  threat  coefficient,  Cy,  anti 
angle  of  attack  relative  to  the  tip-path- plane,  o^PP-  F°r  example,  the  top  view  of 
the  tip  vortex  filaments  in  Fig.  Ub  is  obtained  directly  from  the  helicoidal  path  of 
the  blade  tip  as  it  translates  at  ti^  velocity  VCos«<rPJ  !UM*  rotates  at  the  velocity 
HR.  The  aide  view  is  dependent  on  the  wake  skew  angle, x (angle  between  normal  to 
the  rotor  disc  and  wake  boundary),  which  is  defined  in  the  following  manner: 


* As  used  for  this  study,  the  fire  outboard  filaments  were  not  separate  as  shown, 
but  combined  at  15  deg  behind  each  blade  to  simulate  each  rolled  up  tip  vortex. 


Ifel' 


3 


in 


I ■ ,v  ’ M "l""1'  1,1  - • ' • I I -I  -I  I • | . .'.  ~ ••■  — •- 1 I — — - - - — - --«■■■■■ 


ROTOR  FORWARD  VELOCITY  COMPONENT  IN  PLANE  OF  ROTOR  DISC 


tan  X = 


MEAN  ROTOR  INFLOW  VELOCITY  NORMAL  TO  ROTOR  DISC 


or 


(2) 


X = tan' 


-1 


’COSOppp 
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Distorted  Wake 

To  eliminate  the  necessity  for  prescribing  an  undistorted  wake  goemetry,  an 
analytical  method  for  computing  more  realistic  wake  geometries  was  developed  at 
UARL.  The  basic  approach  of  this  method,  entitled  the  UARL  Rotor  Wake  Geometry 
Analysis  (UARL  Deck  F506),  involves  the  following.  First,  an  undistorted  wake 
model  is  defined  along  with  the  distribution  of  circulation  strengths  of  the 
various  vortex  elements  comprising  the  wake . The  classical  Biot-Savart  law  is  then 
applied  to  determine  the  velocities  induced  by  each  voj’tex  wake  element  at  numerous 
points  in  the  wake.  These  distorting  velocities  are  then  numerically  integrated 
over  a small  time  increment  to  obtain  new  wake  element  positions.  The  process  of 
alternately  computing  new  velocities  and  positions  is  continued  until  a converged, 
periodic  distorted  wake  geometry  is  attained.  Further  details  of  the  procedures 
used  to  compute  wake  geometries  and  results  are  given  in  Refs.  1 through  U.  Sample 
computer  plots  of  the  distorted  tip  vortex  geometry  (AH-1G  at  30  kt)  are  presented 
in  Fig.  5.  The  inboard  wake  filaments  are  not  shown  for  clarity. 

For  hovering  conditions,  systematic  model  rotor  wake  geometry  data  have  been 
acquired  experimentally  at  UARL.  The  data  have  been  generalized  in  Ref.  1 to 
facilitate  the  rapid  estimation  of  wake  geometry  for  a wide  range  of  rotor  designs 
and  operating  conditions  and  have  been  used  to  accurately  predict  the  hover  per- 
formance for  a wide  range  of  full-scale  helicopters.  A special  computer  subroutine 
has  been  prepared  to  model  the  hovering  rotor  wake  in  accordance  with  the  generalized 
data.  A comparison  of  the  experimental  hovering  wake  representation  with  the  undis- 
torted wake  representation  is  presented  in  Fig.  3. 


It  will  be  mentioned  that,  for  this  investigation,  the  wake  geometry  analysis 
was  used  to  generate  wakes  for  the  forward  flight  conditions,  and  the  generalized 
experimental  wake  geometry  was  used  for  the  hover  condition. 


DESCRIPTION  OF  FLIGHT  CONDITIONS  AND  AIRCRAFT 
CONFIGURATION  USED  IN  THE  ANALYSES 


Induced  velocities  were  calculated  for  the  Amy  AH- 10  helicopter,  cownonly 
referred  to  as  the  Cobra.  A schematic  of  the  AH-1G  helicopter  is  shown  in  Fig.  1. 
The  teetering  type  rotor  of  this  helicopter  has  a radius  of  22  ft.  Each  of  its 
two  blades  has  a nominal  chord  of  2.25  ft,  a linear  twist  of  -10  deg,  a modified 
0009  airfoil  section,  and  a preconing  of  ? 75  deg. 

The  calculations  were  performed  for  a helicopter  gross  weight  of  9500  lbs  and 
a center-of-gravlty  position  at  198.5  in.  from  the  nose  of  the  aircraft.  Three 
flight  conditions  were  investigated  corresponding  to  flight  speeds  of  0 (hover), 
15,  and  30  kts.  Considering  the  rotor  tip  speed  of  ?46  fps,  these  flight  speeds 
result  in  rotor  advance  ratios,  u,  of  0,  0.034,  and  0.068,  respectively.  The 
respective  rotor  control,  flapping,  and  disc  angles  used  in  the  analyses  are 
listed  below  in  Table  I: 


Table  I:  ROTOR  CONTROL,  FLAPPING,  AND  DISC  ANGLES 

Flight  Speed,  kts 


0 

15 

30 

Collective  Pitch,  0O,  deg 

16.2 

15.6 

14.6 

Lateral  Cyclic  Pitch,  Ai  , deg 

s 

-2.0 

-2.4 

-2.4 

Longitudinal  Cyclic  Pitch,  Bi,  deg 

u 

1.4 

1.5 

1.6 

1st  Harmonic  Longitudinal  Flapping,  aj_  , deg 

-1.3 

-0.9 

-0.5 

1st  Harmonic  Lateral  Flapping,  bls,  deg 

-1.9 

-0.9 

-0.1 

Rotor  Shaft  Angle,  ag,  deg 

1.5 

0.9 

0.1 

Rotor  Tip  Path  Plane  Angle,  or^rp*  deg 

0.2 

0.0 

-0.4 

hue  t.o  the  unavailability  of  accurate  measured  flight  test  angles,  the  above  values 
were  calc  ilated  by  the  Bell  Helicopter  Company'  using  the  C-81  Rotorcraft  i'erfvraance 
Analysis . 

Induced  velocity  calculations  were  performed  for  the  four  rockets  mounted  at 
the  following  locations  relative  to  the  center  of  the  rotor  hub  and  parallel  or 
normal  to  the  fuselage  waterline  (see  Table  II  and  Fig.  l): 


Table  H.  ROCKET  LOCAHOK3 


ROCKET 

1 

ROCKET 

2 

ROCKET 

3 

ROCKET 

4 

Distance  Belov  the  Rotor  Hub:  in.  - 

103 

103 

103 

103 

T R - 

0.39 

0.39 

0.39 

0.39 

Lateral  Distance  From  Rotor  Huh:  in.  - 

-59 

-42.5 

42.5 

59 

4 R - 

-0.22 

-0.16 

0.16 

0.22 

Distance  Forward  of  Rotor  Hub:  in.  - 

9 

9 

9 

9 

4 R - 

0.034 

0.034 

0.034 

0.034 

The  rocket  launch  attitudes  were  all  specified  at  an  elevation  of  126  mils  (7 
degrees)  relative  to  the  fuselage  waterline  except  in  a sensitivity  study  where 
160  and  195  mils  were  used.  It  is  noted  that  each  rocket  was  assumed  to  he 
concentrated  at  a point  (center-of-gravity)  when  determining  the  launch  point. 
Induced  velocities  were  calculated  at  increments  of  0.1  R along  the  rocket  tra- 
jectories from  the  launch  point.  The  trajectories  from  the  launch  point  to  a 
distance  of  one  rotor  diameter  (extent  of  calculation)  were  assumed  to  he  straight 
lines.  The  coordinate  system  (x^,  y^j  2j)  used  for  the  predicted  induced,  velo- 
cities is  referenced  to  the  rocket  launch  point  and  the  axes  are  parallel  and 
normal  to  the  rocket  trajectories  as  shown  in  Fig.  1.  Positive  directions  are 
also  shown  in  Fig.  1. 
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DESCRIPTION  OF  WAKE  GEOMETRIES  USED  IN  THE  ANALYSES 


The  wake  representation  used  In  the  analyses  consisted  o£  10  finite  vortex 
filaments  trailing  from  each  blade . These  vortex  fil&usnts  wjw  divi iod  into 
straight  vortex  elements  at  azimuth  intervals  corresponding  to  15  degrees  of  blade 
rotation.  The  extent  of  the  filament  geometry  was  prescribed  by  6 -sake  revolutions 
from  the  rotor  except  for  tt  ''over  condition  for  which  it  vaa  (i  revolutions . This 
resulted  in  wake  truncation  at  a sufficiently  far  distance  to  be  inaiferf.fi cant  for 
velocities  at  the  rocket  trajectory.  The  five  outer  vorta*'  filcasentt  -rluch  emanated 
from  the  outer  20  percent  of  the  blade  were  combined  beyond  6 ?*>  degree  azimuth 
distance  from  the  blade  to  simulate  the  roll-up  of  the  tip  vortex.  Both  undistorted 
and  distorted  wake  models,  described  previously,  were  used  to  show  the  sensitivity 
of  the  results  to  wake  geometry.  For  the  undistorted  vortex  filaments,  the  vortex 
elements  were  positioned  in  a direction  normal  to  the  rotor  disc  in  accordance 
with  the  mean  induced  velocity  as  determined  from  momentum  theory  at  the  rotor 
disc.  The  values  of  this  momentum  induced  velocity  for  the  0,  15,  and  30  kt  flight 
conditions  are  -36.3,  -31-6,  and  -22.9  fpa,  respectively.  These  values  when  used 
in  equation  (2)  in  combination  with  the  rotor  thrust  coefficient,  advance  ratio, 
tip  speed,  and  tip  path  plane  angle,  result  in  wake  skew  angles,  X,  of  0,  39,  and 
65  degrees. 

The  undistorted  and  distorted  tip  vortex  geometries  for  the  0,  15,  and  30  kt 
conditions  are  presented  in  Figs.  6 through  U.  For  the  hover  condition,  the  entire 
distorted  wake  model  was  obtained  from  the  generalized  wake  equations  of  Ref.  1. 

Thus  for  the  hover  condition,  both  the  inboard  wake  (inboard  vortex  sheets)  and 
the  tip  vortex  geometry  are  based  on  experimental  data.  Due  to  the  current  lack  of 
general! zed  experimental  wake  geometry  data  for  forward  flight,  the  distorted  tip 
vortex  geometry  for  the  15  and  30  kt  conditions  was  calculated  using  the  UARL  Rotor 
Wake  Geometry  Analysis,  lv  is  noted  that  only  distortions  of  the  tip  vortices  were 
caieulated  for  the  two  forward  flight  conditions  and  an  undistorted  inboard  wake 
model  was  assumed.  Although  It  is  physically  inaccurate  and  compromises  the  results 
somewhat,  the  latter  assumption  nay  be  Justified  considering  the  relatively  higher 
circulation  strength  of  the  rolled  up  tip  vortices  compared  to  that  of  the  inboard 
vortex  fi  laments . 

The  primary  difference  between  the  undistorted  and  distorted  wakes  (Figs.  6 
and  7)  for  the  hover  conditions  is  the  wake  contraction.  In  addition,  as  shown  in 
Fir.  3»  the  inboard  wake  is  transported  downward  with  a mammiform  radially  varying 
axial  velocity  which  causes  the  outer  portion  to  travel  faster  than  the  inner  por- 
tion. At  15  kts,  the  tip  vortex  distortions  (Fig.  9)  result  in  a contraction  of 
'f.be  forward  boundary  of  the  wake  relative  to  the  undistorted  wake  boundary  (Fig.  ?). 
A siailar  contraction  occurs  at  30  fcts  (figs.  10  and  11).  This  contraction  of  the 
wake  has  a predominant  effect  on  the  induced  velocity  distribution  along  the  rocket 
trajectories  in  that  it  moves  the  intersection  point  of  each  trajectory  with  the 
wake  boundary  rearward,  and  thus  decreases  the  duration  of  time  that  the  rocket  is 
inside  the  rotor  wake.  The  contraction  will  be  shown  to  be  particularly  significant 
for  the  33  kt  condition. 
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DISCUSSION  OF  INDUCED  VELOCITY  HESUIffS 


The  three  components  of  induced  velocity,  v^,  vy^,  and  v2j,  ^re  calculated 
along  each  rocket  trajectory  at  points  corresponding  to  an  interval  in  xj  of  0,1  R. 
The  calc'il&tiona  were  performed  from  the  rocket  launch  point  to  a point  on  each 
trajectory  2.0  R from  the  launch  point.  Thus,  velocities  were  computed  at  21  field 
points  for  each  trajectory.  The  four  rockets  and  their  trajectories  were  numbered 
in  order,  1 through  h,  as  shown  in  Fig.  1. 

Since  the  orientation  of  the  rotor  blades  end  wake  relative  to  a point  on  a 
rocket  trajectory  varies  with  time,  the  instantaneous  velocity  components  induced 
at  that  point  also  vary  with  tine.  Since  steady  flight  conditions  were  selected 
for  this  investigation,  the  positions  of  the  blade  and  wake  and  the  resulting 
velocities  are  periodic.  The  period  is  the  tine  corresponding  to  the  blade  passage 
interval,  which  for  the  2-bladed  AH-1G  rotor  is  the  time  required  for  a blade  to 
travel  l8o  degrees.  Thus,  time  was  expressed  in  terms  of  increments  of  rotor 
rotation  designated  by  rotor  position  and  the  corresponding  azimuth  angles  of  the 
two  blades.  The  calculations  were  performed  using  an  azimuth  increment  of  15 
degrees,  which  resulted  in  12  rotor  positions  per  blade  passage  interval*.  In 
addition  to  the  instantaneous  velocities  at  each  rotor  position,  the  time-averaged 
velocities  were  calculated. 

The  major  variables  for  this  investigation  and  tiie  notation  to  be  used  for  the 
plotted  results  are  summarized  below  in  Table  III: 


Table  III.  MAJOR  VARIABLES 


Flight  Conditions 
Wake  ttxiels 

Instantaneous  Velocity  Components 
Time- Averaged  Velocity  Components 
| Rotor  (Yvsitions  (Time  Step) 

| iUade  Aziauths,  C,  deg 
| Rocket  Kdafcer 
| Rocket  Lateral  Position 
Position  Along  Rocket  Trajectory 


V = 0,  15,  30  kt 
Distorted,  Undistorted 

vxT»  vyT»  % 

v*Tavg’  v>Tavg»  Vstavg 
1,2,  3,  ....  12 

V>,180;  15,lco;  Jh,210;  ...  165, 

1,  2,  3, 

yT  « -0.2235,  O.lfil,  0.2235 


* Usinr.  the  AH-1G  rotor  tip  speed  of  ?L6  fps  and  the  rotor  radius  of  22  ft,  the  time 
interval  corresponding  to  15  decrees  of  blade  asiaajth  travel  is  0.^77  seconds. 

For  a rocket  velocity  of  IX  fps,  the  tine  interval  corresponding  to  an  interval 
Sr.  sey  of  one  rotor  radius  is  0.22  seconds.  At  the  speed  of  100  fps,  a rocket 
travels  a distance  of  0.12  R during  a blade  passage  interval  (one-half  rotor 
revolution),  and  It  tahea  the  tis*  corresponding  to  1.19  rotor  revolutions  (Ls-g 
degrees)  to  travel  a distance  of  one  rotor  radius. 
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In  addition  to  ail  cocblnationa  of  these  variables,  a few  computer  cases  were 
run  to  investigate  the  sensitivity  of  the  results  to  rocket  launch  attitude  and 
launch  position.  That  ia,  for  the  hover  condition,  rocket  launch  attitude  relative 
to  the  fuselage  waterline  was  varied  in  2 degree  increments  from  the  reference  7 
degrees  (126  ails  elevation)  to  9 and  11  degreeB  (160  mils  and  195  mils).  For  the 
30  kt  condition,  a variation  of  rocket  launch  position  of  0.05  R in  the  x and  z 
directions  was  investigated. 

In  total,  six  base  cases  (3  flight  conditions  x 2 wake  models)  plus  three 
sensitivity  variations  were  run.  Considering  the  3 velocity  components,  h rockets, 
21  rocket  trajectory  points  and  the  12  rotor  positions  plus  the  time-average  velo-* 
cities,  a total  of  3276  velocity  values  were  computed  for  each  of  the  9 cases. 
Tabulations  of  these  values  have  been  provided  separately  to  the  Artsy.  Since 
inclusion  of  plots  of  all  these  results  was  beyond  the  scope  of  tills  effort,  a 
judicious  selection  was  made  of  combinations  of  variables  for  which  data  are  to  be 
presented.  In  this  selection,  emphasis  was  placed  or,  the  results  based  on  the 
more  realistic  distorted  wake  model  over  those  of  the  undi storied  wake.  The  v^ 
velocity  component  was  emphasized  over  the  vx^  and  Vy^  components  because  the 
magnitude  of  the  vz„  velocity  ie  generally  significantly  greater.  Rocket  number  U 
was  arbitrarily  selected  for  emphasis.  It  will  be  shown  that  rocket  lateral 
position  is  generally  the  least  significant  variable.  For  consistency,  rotor 
positions  1,  4,  7,  and  10  corresponding  to  reference  blade  azimuths  of  0,  U5,  90, 
and  135  degrees  were  selected.  Where  the  selection  of  specific  points  along  the 
rocket  trajectory  were  required,  points  1 (xp  * 0.0),  21  (x?  = 2.0)  and  points  in 
the  inaedi&te  vicinity  of  the  wake  boundary  were  generally  selected. 

The  following  results  are  grouped  by  flight  condition  and  presented  in  order 
of  flight  speed  — O,  15,  and  then  JO  kt.  Results  based  on  both  distorted  and 
undiatorted  wake  models  are  presented  for  each  flight  condition . Following  these 
results,  the  results  shoving  the  sensitivity  of  the  induced  velocities  to  variations 
in  rotor  launch  attitude  and  position  are  presented. 

K3VSR  COKPITIQN  (V  « o) 

The  variation  of  the  time- averaged  vy»  velocity  along  the  rocket  trajectories 
of  all  four  rockets,  baaed  on  the  distorted  vake  model,  is  presented  in  Kig.  12. 

This  velocity  component  ncmai  to  each  trajectory,  increases  from  approximately 
JO  to  TO  fpa  (downward)  going  free  the  rocket  launch  position  (x-  » 0)  to  the 
intersection  of  each  trajectory’  with  the  wake  boundary  shown  in  the  top  view  in 
Fig.  7 (e.g.,  at  xy  * 0.77  for  rocket  4).  thi«  increase  is  consistent  with  the 
fact  that  the  rocket  launch  position  is  near  the  center  of  the  wake  in  hover,  amt 
the  wake  vertical  transport  velocity  has  been  observed  experimentally  to  increase 
with  Increasing  radial  position  {Ftef.  1).  It  is  interesting  that  the  mean  induced 
velocity  as  the  rocket  passes  through  the  wake  is  approxirate ly  the  c/)  fpa  used  by 
tu*  Amy  in  previous  calculations  of  the  racket  trajectory.  Sfcving  free:  inside  to 
outside  of  the  wfcke  boundary  an  abrupt  change  in  velocity  occurs  in  both  magnitude 
and  direction  (downflaw  to  uyflcv}.  The  upflov  is  not  as  severe  as  the  downflow 
because  the  coot  rib  vtlorts  of  the  tip  vortices  and  tbe  Inboard  wake  are  opposing 
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outside  of  the  v&ke , whereas  they  ere  additive  juat  inside  the  wake.  As  the  rocket 
moves  away  from  the  wake,  the  velocity  decreases  as  expected,  and  at  2.0  R from 
the  launch  point  the  upward  velocity  ie  leas  than  2 fps.  It  is  also  shown  in  Fig. 
12  that  the  influence  of  the  different  lateral  poaitiona  of  the  four  rocket  tra- 
jectories on  this  average  velocity  component  is  small. 

In  Fig.  13,  the  instantaneous  vSj  velocity  component  is  presented  for  the 
four  rocket  trajectories  and  rotor  position  1 where  the  blades  are  positioned  at 
0 and  180  degrees.  These  instantaneous  velocity  results  are  similar  to  the 
averaged  values  of  Fig.  12  (generally  within  ±5  fps)  except  near  the  wake  boundary. 
Near  the  wake  boundary  the  instantaneous  velocities  vary  significantly  with  rotor 
position  as  shown  in  Fig.  14  for  rocket  4 and  four  selected  rotor  positions  at 
azimuth  increments  of  45  degrees.  Inis  time  variation  is  clearly  shown  in  Fig. 

15  where  the  vz^  velocity  is  plotted  versus  rotor  position  for  selected  trajectory 
points  both  near  and  far  from  the  wake  boundary.  For  the  rocket  launch  point 
(x-p  = 0),  the  variation  with  rotor  position  is  relatively  small  - At  the  farthest 
point  calculated  (x^  = 2.0),  the  2 fps  velocity  is  probably  negligible,  considering 
its  effect  on  the  rocket,  and  its  variation  is  insignificant.  The  variation  .a 
generally  small  for  points  in  the  wake  up  to  the  region  of  xr>  = 0.?  as  shewn  in 
Fig.  15  by  the  abrupt  change  in  the  peak-to-peak  values  between  x^.  = 0.6  and  0.?. 

At  = 0.7  the  velocity  component  ranges  from  36  to  130  fps  in  the  downward 
direction.  It  is  noted  that  the  130  fps  flow  velocity  exceeds  the  initial  rocket 
launch  velocity  which  is  approximately  100  fps.  The  cyclic  nature  of  the  induced 
flow  at  a frequency  of  once -per- blade  passage  is  a direct  result  of  the  passage  of 

the  tip  vertex,  and  to  a lesser  extent  the  inboard  vortex  sheet,  past  the  trajec- 

tory point.  The  peak  downward  velocity  of  130  fps  occurs  when  the  tip  vortex  is 
closest  to  the  point.  The  magnitude  of  the  velocity  is  low  (36  fps)  at  rotor 
position  1,  because  as  shown  in  Fig.  7,  the  trajectory  passes  approximately  mid-way 
between  the  tip  vortices  at  this  rotor  position.  Looking  back  to  Fig.  13,  it  can 
thus  be  stated  that  the  low  values  in  the  vicinity  of  the  vortex  are  due  to  the 

selected  rotor  position.  Greater  differences  between  the  values  for  different 

rockets  near  the  wake  boundary  were  noted  in  the  tabulations  for  other  rotor  posi- 
tions . 

Results  for  the  vx_  velocity  component  are  presented  in  Figs,  ie,  17,  and  id. 
The  time-avenged  velocity  is  shown  in  Fig.  16  to  be  in  a direction  opposite  to 
that  of  the  rocket  travel,  and  the  peak  value  of  23  fps  near  the  wake  boundary  is 
significantly  .less  than  the  ?'  fps  cf  the  velocity  component.  The  instantaneous 
vx--  is  shown  in  Fig.  17  for  the  4 rackets  an&  rotor  position  1.  In  Fig.  18,  the 
variation  with  rotor  position  for  rocket  4 at  selected  trajectory  points  is  pre- 
sented. It  is  shown  that  the  instantaneous  vx„  velocity  changes  direction  in  the 
vicinity  of  the  wake  boundary*,  and  values  as  high  as  &>  fps  are  indicated.  Similar 
plots  for  the  Vy_  velocity  e exponent  are  presented  in  Figs.  S«,  2-3,  and  21.  It  is 
shown  that  this  component,  which  is  in  a direction  tc  influence  the  lateral  notion 
of  the  rockets,  has  the  lowest  magnitude  of  the  three.  The  time-averaged  velocity 
does  not  exceed  10  fps,  and  the  Instantaneous  velocity  does  not  exceed  25  fps. 
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The  effect  of  wake  model,  distorted  versus  undistorted,  on  the  induced  velocity 
components  may  be  noted  by  compering  Figs.  22  through  27  for  the  undistorted  wake 
with  the  appropriate  figures  presented  previously  for  the  distorted  wake  model.  The 
predominant  difference  observed  from  the  time-averaged  velocity  plots  (Fig.  22  va. 
Fig.  12,  Fig.  24  vs.  Fig.  IS,  and  Fig.  26  vs.  Fig.  19)  is  the  shift  of  the  point 
at  which  the  velocity  components  change  abruptly.  This  outward  shift  for  the  un- 
distorted wake  corresponds  to  the  outward  shift  of  the  uncontracted  wake  boundary 
shown  by  comparing  Fig.  6 to  Fig.  7.  Thus,  it  is  important  to  have  a realistic 
wake  model  to  accurately  predict  the  point  along  the  rocket  trajectory  up  to  which 
the  velocities  increase  and  then  change  abruptly. 

The  predominant  effect  of  wake  model  on  the  instantaneous  velocity  components 
also  occurs  in  the  region  of  the  wake  boundary,  and  consists  of  a shift  in  the  time 
(rotor  position)  at  which  the  peak  velocities  occur  at  rocket  trajectory  points  in 
this  region.  Studying  the  time  variations  of  each  component  (Fig.  23  and  Fig.  15 
for  v^.  Fig.  25  and  Fig.  18  for  yXt,  Fig.  27  and  Fig.  21  for  vy„),  it  is  noted 
that  trie  peak  velocities  for  the  x»  position  inside  and  nearest  to  the  wake  boundary 
occur  at  times  associated  with  approximately  the  following  azimuth  positions  of  the 
reference  blade  (generalized  to  within  approximately  *30  degrees): 


m 


DISTORTED  WAKE 


UNDISTORTED  WAKE 


APPROXIMATE  AZIM-'TH  OF  THE 
MOHS  NEGATIVE  VELOCITS?  FSAK 


90  deg. 


0 deg. 


APPROXIMATE  ASJMJTH  OF  THE 
MORE  POSITIVE  VEDOOm  PEAK 


9o  do,: 


The  ties®  variation  of  the  velocity  components  is  mostly  due  to  the  periodic  passage 
of  the  tip  vortices  pest  the  point  on  the  rocket  trajectory.  The  relation  between 
the  phasing  of  the  peak  velocities  and  the  relative  positioning  of  the  tip  vortex 
geometry  with  the  points  where  the  rocket  trajectories  intersect  the  forward  wake 
boundary  may’  be  clearly  seen  by  relating  the  eslevth  locations  of  the  peak  raise! tie 
to  the  orientations  shewn  in  Fig.  2?.  The  store  negative  peak  values  generally  .-.-cur 
when  a tip  vortex  passes  closest  to  the  point,  and  the  sore  positive  peak  values 
generally’  occur  when  the  point  is  approximately  midway  between  two  successive  tip 
vertices.  The  greatest  magnitudes  cf  velocity  correspond  to  the  more  negative  peak 
value*  of  the  point  . ust  inside  the  wake  boundary  produced  by  the  presence  of  the 
tip  vertex.  It  ss  also  shown  in  this  figure  that,  f~r  "his  fHvht  con.fi tiers,  the 
wake  ts&fel  variation  frees  distorted  to  uni S started  results  in  a phase-  shift  of 
approximately  9?  degrees  in  the  Up  vortex  passes*  time  (see  Fir.  2Mb1'  nn<$  2--(c, 
which  produce*  the  phase  shift  noted  between  the  velocities  -*f  the  two  wake  models. 
This  indicates  the  importance  sf  accurately  representing  the  wake  if  the  time 
variation  cf  the  instantaneous  velocities  at  the  racket  trajectory  ere  of  interest. 


1$  KT  FLIGHT  CONDITION 

At  the  15  kt  flight  condition,  tbs  wake  boundary  is  skewed  back  toward  the 
rocket  launch  point  as  shown  in  Fig-  9-  The  rocket  trajectory  intersects  the 
distorted  wake  boundary  between  an  of  0.3  and  0.4.  This  results  in  the  occur- 
rence of  the  maximum  downward  velocity  component  (vz^,)  in  that  region  as  shown  in 
Figs.  29  to  31.  Thus,  the  rapid  change  in  the  skew  angle  of  the  wake  with  the 
small  change  in  flight  speed  from  0 to  15  kts  leads  to  a significant  decrease  in 
the  distance  from  the  launch  point  that  the  rocket  is  inside  the  rotor  wake 
(xrj,  - 0.35  at  15  kts  vs.  0.77  at  0 kt).  The  maximum  time-averaged  downward  velocity 
(vz T ) at  the  four  rocket  trajectories  ranges  between  approximately  Uo  and  60  fps 

(Fig.  29)  compared  to  the  70  fps  at  0 kts  (Fig.  12).  Greater  variations  of  the 
instantaneous  vZT  velocity  for  different  rockets  are  also  indicated  at  this  flight 
condition  for  points  in  the  wake  (Fig.  30  vs.  Fig.  13).  However,  this  is  mainly 
a timewise  phasing  variation  in  that  the  results  in  these  figures  are  limited  to 
rotor  position  1 and  similar  nigh  and  low  velocities  occur  for  each  rocket  at 
other  rotor  positions.  The  sensitivity  of  the  vzrpvelocity  component  to  rotor 
position  is  show :'i  Figs.  31  and  32  for  the  trajectory  of  rocket  4.  Similar  to 
the  results  for  0 kt,  the  downward  velocity  exceeds  100  fps  near  the  wake  boundary. 
Unlike  the  results  for  0 kt,  a large  upward  velocity  (approximately  90  fps)  is 
predicted  in  addition  to  the  large  downward  velocity  for  the  point  just  inside  the 
waxe  boundary  (trajectory  point  4).  This  is  due  to  the  predicted  close  passage 
of  tip  vortex  filaments  on  both  sides  of  the  trajectory  point  at  different  rotor 
positions.  A phasing  difference  between  the  rotor  positions  corresponding  to  the 
peak  velocities  for  15  kt  vs.  0 kt  is  also  noted  in  Figs.  32  and  15. 

The  time-averaged  and  instantaneous  vXr^  velocity  variations  are  presented  in 
Figs.  33  and  34,  respectively.  The  magnitudes  of  this  velocity  component  are  shown 
to  be  generally  greater  at  15  kt  than  at  0 kt,  and  the  phase  difference  with  rotor 
position  occurs.  As  shown  in  Figs.  35  and  36,  similar  to  the  results  for  0 kt, 
the  lateral  velocity  component  VyT  at  15  kt  is  small  in  magnitude. 

The  difference  between  the  distorted  and  undistorted  wake  geometries  for  the 
15  kt  flight  condition  was  shown  in  Figs,  8 and  9-  ft  is  shown  by  comparing  the 
results  for  the  undistorted  wake  presented  in  Figs.  37  through  42  with  those  just 
presented  for  the  distorted  wake  that  the  predominant  effects  of  wake  model  varia- 
tion are  similar  to  those  at  0 kt.  That  is,  the  tip  vortex  distortion  contracts 
the  wake  to  a position  closer  to  the  rocket  launch  point  and  causes  the  peak 
velocities  to  also  occur  closer.  Also,  the  phasing  of  the  instantaneous  velocities 
is  different.  Thus,  again  the  importance  of  accurately  representing  the  wake 
geometry  is  demonstrated. 
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30  KT  FLIGHT  CONDITION 

It  is  shown  in  Fig.  11  that  the  predicted  distorted  wake  is  skewed  just 
enough  at  30  kt  for  the  tip  vortices  to  pass  behind  the  rocket  launch  point*. 

This  placement  of  the  rocket  trajectories  outside  of  the  wake  results  in  relatively 
low  magnitudes  (less  than  *10  fp® ) of  all  velocity  components  as  noted  in  Figs.  43 
through  50.  Also,  only  minor  variations  of  the  velocity  components  are  predicted 
between  the  four  rocket  trajectories  and  the  various  rotor  positions.  It  thus 
appears  that  beyond  a flight  speed  of  approximately  30  kt  the  AH-1G  rotor  wake  is 
swept  behind  the  rocket  trajectories,  and  the  wake  induced  effects  at  the  rockets 
are  probably  insignificant. 

In  Fig.  10,  it  is  shown  that  the  use  of  an  undiatorted  wake  model  places  the 
rocket  launch  point  right  at  the  wake  boundary.  The  velocity  components  based 
on  this  undistorted  wake  representation  are  presented  in  Figs.  51  through  56. 

The  close  proximity  of  the  tip  vortices  to  the  launch  point  results  in  large 
instantaneous  velocities  at  certain  rotor  positions.  Thus  it  is  at  this  30  kt 
flight  condition  where  the  sensitivity  to  wake  model  is  the  greatest.  Depending 
upon  the  placement  of  the  launch  point  inside,  at,  or  outside  the  wake  boundary 
results  in  an  extreme  difference  in  the  predicted  induced  velocities. 


VARIATIONS  OF  ROCKET  LAUNCH  ATTITUDE  AND  POSITION 


In  order  to  show  the  sensitivity  of  the  induced  velocity  component  to  small 
variations  in  rocket  launch  attitude,  the  launch  attitude  relative  to  the  fuselage 
waterline  was  changed  in  2 degree  increments  for  the  hovering  flight  condition. 

As  shown  in  Fig.  57(a) > the  resulting  attitudes  were  changed  from  7 degrees  (126 
mils  elevation)  to  9 and  11  degrees  (l60  and  195  mils).  Since  the  flight  condition 
and  distorted  wake  geometry  were  unchanged,  the  time-averaged  velocity  components 
did  not  change  significantly  with  the  small  reorientation  of  the  rocket  to  the 
time-averaged  wake  geometry.  However,  the  instantaneous  velocity  components  in 
the  vicinity  of  the  wake  boundary  experienced  a phase  shift  with  rotor  position 
due  to  the  reorientation  of  the  rocket  trajectory  to  the  tip  vortices  at  a specific 
rotor  position.  This  phase  shift  is  shown  in  Fig.  58  for  the  three  rocket  atti- 
tudes. For  the  126  mils  elevation,  the  peak  velocity  for  rocket  4 near  the  wake 
boundary  (x^  = 0.7)  occurs  at  rotor  position  6.  Increasing  the  elevation  to  160 
mils  and  195  mils  shifts  the  occurrence  of  the  peak  velocity  to  rotor  positions  5 
and  3,  respectively.  Thus,  a 4 degree  change  in  attitude  results  in  approximately 
a 45  degree  change  in  rotor  rotation  for  the  occurrence  of  the  peak  vz^,  velocity 
component.  This  effect  is  similar  to  that  noted  earlier  for  the  change  from  the 
distorted  to  the  undistorted  wake  model  where  the  reorientation  of  the  tip  vor- 
tices to  the  rocket  trajectory  resulted  generally  in  a 90  degree  phase  shift. 


* Although  a tip  vortex  filament  appears  to  be  very  close  to  the  rocket  launch 
point  in  the  side  view  in  Fig.  11,  it  is  shown  in  the  top  view  that  the  lateral 
displacement  of  the  launch  points  place  them  forward  of  the  vortex  filament. 


Twgg^sp".^  • ^Kssi^wwtm 


usssa.:*. 


ffi$?;0ir 


sassagg 

p?« 

t-^s’Tv 


What  ia  the  significance  of  the  phase  shift,  and  is  it  important  for  estab- 
lishing improved  rochet  firing  techniques?  Considering  that  a rocket  passes 
through  the  wake  boundary  at  one  Instant  of  time,  the  rocket  at  such  a point  along 
its  trajectory,  such  as  that  of  Fig.  58,  will  experience  the  wake  induced  effects 
associated  with  just  one  rotor  position.  Since  the  downward  vzm  component  varies 
frees  approximately  40  to  130  fps  with  rotor  position,  the  time  (rotor  position)  at 
which  the  rocket  crosses  the  wake  boundary  may  be  very  significant.  If  so,  a 
means  of  sync hroni zing  the  rocket  firing  time  v,u.th  rotor  position  could  be  con- 
sidered which  would  cause  the  rocket  to  cross  the  wake  boundary  at  the  rotor 
position  for  minimum  induced  velocity.  This  would  result  in  minimizing  the 
aerodynamic  interference  at  the  rocket.  Although  the  phase  difference  produced 
by  varying  rocket  attitude  is  not  relevant  to  currant  firing  techniques  where  the 
rockets  are  fired  without  regard  to  rotor  position,  the  phase  difference  would  be 
important  to  know  if  a firing  synchronization  technique  were  used. 

To  show  an  example  of  the  sensitivity  of  the  induced  velocity  components  to 
a change  in  rocket  launch  position,  the  launch  position  was  moved  forward  and  down 
by  0.05  R for  the  30  kt  flight  condition  (see  Fig.  57(b)).  The  selection  of  this 
example  was  based  on  the  intent  to  show  the  potential  for  significantly  reducing 
the  induced  effects  at  the  rocket  by  moving  the  launch  point  outside  the  wake.  It 
was  previously  shown  that  at  30  kt  the  rocket  launch  point  moved  from  outside  the 
wake  to  inside  the  wake  in  changing  from  a distorted  to  an  undistorted  wake  model. 
A significant  increase  in  aerodynamic  interference  resulted.  As  shown  in  Fig.  59, 
moving  the  launch  point  outside  the  undistorted  wake  by  the  0.05  R movements  men- 
tioned above,  results  in  a significant  decrease  in  interference  similar  to  that 
attained  through  use  of  the  distorted  wake  model.  This  emphasizes  the  importance 
of  the  location  of  the  wake  boundary  relative  to  the  rocket  launch  point.  It  is 
noted  that  similar  changes  in  the  relative  position  of  the  rocket  launch  point  to 
the  wake  boundary  could  be  produced  by  changes  in  any  of  the  factors  determining 
the  wake  skew  angle  (flight  speed,  aircraft  gross  weight,  and  rotor  attitude  as 
determined  by  the  aircraft  center  of  gravity  location  or  maneuver  condition). 


14 


[<n-s>v.  'i''n-:y.i:: 


P&- 


:■<?;&  Wif-  ■ ' '■■■  ■■  '■'■•  •' ; '■- ' ■ ■ * ■'■  ■ ■■■••  : ; 

;."-S - ■-..  i • ’■  ■■  -^.:y,: 


^^vV-'-'Vr' 


AREAS  FOR  FURTHER  CONSIDERATION 


Several  assumptions  were  made  in  the  computer  analyses  and  procedures  used 
to  determine  the  induced  velocities  presented.  The  fact  that  some  of  these 
assumptions  could  have  a significant  effect  on  the  wake  interference  at  the  rockets 
should  he  recognized  when  making  use  of  the  results  presented  herein,  and  they 
should  be  subject  to  further  consideration. 

The  distorted  wake  geometry  used  in  the  calculations  for  the  hovering  flight 
condition,  although  determined  from  experimental  information,  is  accurate  only  in 
the  region  directly  beneath  the  rotor  (the  near  wake).  It  was  assumed  in  the 
analysis  that  following  the  contraction  of  the  wake  boundary,  the  far  wake  con- 
tinued at  the  same  vertical  transport  velocity  and  retained  its  symmetry  and 
stability.  In  reality,  the  wake  becomes  unsteady  at  some  point  beneath  the  rotor 
and  viscous  dissipation  occurs.  This  is  explained  in  Refs.  1 and  2 based  on 
observations  from  both  experimental  flow  visualization  data  and  analytical  wake 
geometry  results.  It  is  shown  in  these  references  that  the  unsteadiness  of  a tip 
vortex  from  a hovering,  two-bladed  rotor  is  initiated  at  approximately  2 vortex 
revolutions  from  the  blade.  For  the  AH-1G  rotor  wake  shown  in  Fig.  7,  this  would 
place  the  onset  of  the  unsteady  wake  at  approximately  0.6  R below  the  rotor  hub. 
Since  the  rocket  trajectories  intersect  the  tip  vortices  (wake  boundary)  at 
approximately  0.3  R below  the  rotor  hub,  it  appears  that  the  rocket  trajectories 
are  completely  within  the  steady  near  wake  region.  Some  inaccuracy  in  the  results 
presented  herein  are  produced  by  differences  in  the  induced  effect  of  the  unsteady 
far  wake.  The  extent  of  this  inaccuracy  remains  to  be  assessed.  However,  it  is 
known  that  the  wake  in  the  local  vicinity  of  the  rocket  trajectory  is  significantly 
more  effective,  and  since  this  near  wake  has  been  modelled  accurately  the  results 
presented  herein  should  be  sufficiently  accurate  for  providing  an  improved  under- 
standing of  the  wake  interference  at  the  rockets  and  for  initial  rocket  trajectory 
calculations . 


At  the  15  and  30  kt  flight  conditions,  the  unsteadiness  cf  the  wake  could 
also  have  a significant  effect.  Although  experimental  flow  visualization  data 
are  more  limited  for  low  flight  speeds,  some  evidence  of  wake  unsteadiness  does 
exist.  This  unsteadiness  has  also  been  predicted  analytically  in  that  a completely 
converged  far  wake  geometry  was  not  achieved  in  the  calculations  leading  to  the 
distorted  wake  geometries  presented  in  Figs.  9 and  11.  Although  this  lack  of 
complete  convergence  of  the  far  wake  could  be  partially  attributed  to  the  finite 
vortex  filament  and  finite  time  step  wake  model,  it  is  noted  that  the  analysis  has 
predicted  the  onset  of  the  unsteadiness  accurately  for  hovering  conditions  (Ref.  1) 
However,  it  should  also  be  recognized  that  the  most  complex  wake  patterns  occur  at 
low  forward  speeds  where  the  tip  vortices  at  the  upstream  region  of  the  rotor  pass 
up  through  the  rotor  disc  before  returning  below  the  rotor,  and  tend  to  roll-up 
into  two  concentrated  vortices  downstream  from  the  sides  of  the  rotor  disc.  The 
interaction  of  these  complex  tip  vortex  patterns  with  the  blades  results  in  the 
"transition  roughness"  experienced  on  scxne  aircraft  as  increased  vibrations  and 
control  sensitivity  at  low  speeds.  The  occurrence  of  this  on  the  AH-1G  aircraft 
could  be  an  additional  factor  leading  to  rocket  inaccuracy. 
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Some  inaccuracy  in  the  predicted  velocity  components  is  produced  by  the  use 
of  finite  time  and  spatial  increments  in  the  calculations  along  with  an  approxim.^* 
vortex  core  representation.  The  use  of  time  steps  corresponding  to  15  deg 
increments  of  rotor  rotation  and  positions  along  the  rocket  trajectory  of  0.1  R 
leads  to  some  inaccuracy  in  establishing  the  peak  induced  velocities.  Since  the 
peak  velocities  generally  occur  when  the  rocket  is  in  close  proximity  to  the  tip 
vortices,  these  intervals  may  be  too  coarse  to  establish  the  actual  peak  values. 

If  the  rocket  trajectory  passes  extremely  close  to  a tip  vortex,  the  vortex  core 
diameter  assumed  becomes  important,  for  it  is  at  the  boundary  of  the  core  that 
the  peak  velocity  would  occur.  A vortex  core  diameter  of  one-fifth  of  the  blade 
chord  was  assumed  for  the  calculations  performed  in  this  study.  Also,  any  dissi- 
pation of  the  vortex  circulation  strength  neglected  in  the  analysis  could  be 
significant. 

Another  assumption  made  in  this  initial  study  is  that  the  rocket  trajectories 
are  a straight  line  in  the  vicinity  of  the  aircraft.  That  is,  the  induced  velocity 
components  were  calculated  along  straight  lines  from  each  rocket  launch  point  to  a 
point  2.0  R from  the  launch  point.  In  reality,  the  rockets  veer  somewhat  from  a 
straight  course.  In  fact,  the  computation  of  the  induced  velocities  are  directed 
toward  the  objective  of  determining  the  true  rocket  trajectories.  Thus,  when  the 
sensitivity  of  the  rocket  paths  to  the  induced  effects  is  determined,  the  require- 
ment for  performing  iterations  to  include  induced  velocities  calculated  along  the 
actual  rocket  trajectories  should  be  considered. 


Fuselage  and  wing  aerodynamic  interference  effects  were  neglected  in  the  study 
reported  herein.  However,  to  roughly  determine  the  order  of  magnitude  of  the  effect 
of  the  fuselage  on  the  flow  at  the  rockets,  the  velocities  at  the  rocket  trajectories 
were  calculated  using  an  existing  general  fuselage  representation  in  an  analysis 
developed  at  the  Sikorsky  Division  of  the  United  Aircraft  Corporation.  This  analysis 
is  described  in  Ref.  10  and  is  a potential  flow  analysis  based  on  vortex  lattice 
techniques.  This  analysis  is  shown  in  Ref.  10  to  accurately  predict  fuselage  loads. 
An  isometric  view  of  a general  fuselage  modelled  for  this  analysis  is  shown  in  Fig. 
60.  To  construct  the  geometry  of  the  AH-1G  fuselage  was  beyond  the  scope  of  this 
investigation,  and  thus  the  general  fuselage  representation  was  used.  To  scale 
the  rocket  trajectory  lateral  positions  from  the  AH-1G  to  the  general  fuselage, 
the  AH-1G  values  in  percent  fuselage  width  were  used  as  shown  in  the  schematic  of 
the  configuration  in  Fig.  61.  It  should  be  noted  that,  the  general  fuselage  used 
has  a fineness  ratio  (length/width)  of  6 compared  to  the  AH-1G  volue  of  it.  Thus, 
the  results  to  be  presented  should  be  considered  as  preliminary  and  in  a relative 
rather  than  absolute  sense . 


The  fuselage  induced  increments  of  the  three  components  of  induced  velocity 
at  points  along  the  rocket  trajectories  are  shown  in  Figs,  Gy  and  Since  the 

velocities  scale  with  the  forward  velocity  of  the  aircraft,  the  induced  velocities 
have  been  nondimensionalized  by  this  quantity.  In  these  fibres,  it  is  shown  that 
the  peak  velocity  components  occur  at  a distance  fr<mi  the  rocket  launch  point  which 
is  in  the  vicinity  of  0-5  R.  For  the  rockets  closest  to  the  fuselage  (at  percent 
of  the  fuselage  width,  Fig.  62),  the  peak  induced  velocity  components  are  of  the 
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order  of  10  percent  of  tbs  forward  flight  speed.  For  the  further  rockets  (at 
108  percent  of  the  fuselage  width.  Fig.  63}  the  peak  velocities  are  decreased  to 
approximately  one-half  of  the  values  at  the  closer  location.  At  the  low  speeds 
of  this  investigation  (0  to  30  kt),  these  results  Indicate  that  the  direct  fuselage 
effect  is  quite  snail.  For  example , at  the  30  kt  condition,  the  peak  velocity 
component  is  approximately  6 fps.  She  downward  cccponent,  vZT,  which  was  greatest 
for  the  rotor  induced  flow  is  least  for  the  fuselage  induced  flow,  and  it's  peak 
is  only  about  2 fps  at  30  kt.  It  should  be  noted,  however,  that  the  analysis  used 
does  not  account  for  the  influence  of  the  fuselage  on  the  rotor  wake  and  rotor 
induced  velocities  nor  the  effect  of  the  wing.  These  effects  are  probably  greater 
than  the  direct  fuselage  effect  at  low  speeds,  particularly  near  the  rocket  launch 
points  at  the  wings. 


Although  the  above  factors  should  be  considered  for  future  studies,  in  tnat 
they  could  have  a significant  effect  on  the  detailed  quantitative  results,  the 
results  presented  herein  are  believed  to  be  generally  accurate.  The  degree  of 
accuracy  required  of  the  induced  effects  for  rocket  trajectory  calculation*  should 
be  established  when  applying  the  results  presented  herein.  The  specific  areas 
for  future  consideration  should  be  decided  by  the  degree  of  accuracy  required. 
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SUGGESTED  PROCEDURES  FOR  APPLYING 
INDUCED  VELOCITY  IiESULTS 


At  each  point  in  tiiae  along  their  trajectories,  the  rockets  are  affected  by 
the  instantaneous  induced  velocity  components  associated  with  the  particular  rotor 
position  at  that  instant  of  tiros . Thus,  to  he  accurate  when  performing  the  rocket 
trajectory  calculations,  the  procedure  should  be  to  determine  the  rotor  position 
for  each  point  along  a trajectory  and  use  the  corresponding  induced  velocity  com- 
ponents. However,  the  problem  arises  that  the  rotor  positions  are  not  known  due  to 
the  fact  that  the  firing  time  is  currently  determined  by  the  gunner  irrespective 
of  rotor  position.  Without  rotor  position  synchronisation,  the  correspondence  of 
rocket  position  with  rotor  position  is  unknown.  However,  to  evaluate  the  impact 
of  this  problem,  the  following  procedures  are  suggested  for  the  rocket  trajectory 
calculations : 

1.  Perform  the  rocket  trajectory  calculations  using  the  time-averaged  induced 
velocity  components  at  each  point. 

i erf ora  the  calculations  assuming  that  the  rockets  pass  in  close  proximity 
to  a tip  vortex.  In  accordance  with  this  assumption,  select  the  rotor  position 
which  produces  the  maximum  velocity  components  (emphasise  in  the  selection) 
at  tiw  trajectory  point  nearest  and  inside  the  wake  boundary.  Using  an  assumed 
rocket  velocity  (e.g.,  the  launch  velocity  of  approximately  loo  fps),  determine 
the  time  increment  and  corresponding  rotor  rotation  interval  betvear.  points 
along  tise  trajectory.  Based  on  the  rotor  rotation  interval,  determine  the 
rotor  positions  for  each  point  along  the  trajectory  and  interpolate  the 
tabulated  results  provided  to  obtain  the  velocity  components  at  each  point  to 
be  used  in  the  calculation  of  the  rocket  trajectory. 

3-  Perform  the  calculations  using  instantaneous  velocities  corresponding  to 
a few  other  selected  rotor  position  sequences.  Include  in  this  selection  the 
rotor  position  at  the  wake  boundary  which  produces  the  minimum  induced 
velocity  components. 


Using  the  ebove  procedures,  the  maximum  and  minimus  deviations  of  the  rocket 
trajectories  based  on  the  instantaneous  induced  velocities  relative  to  the  trajec- 
tories based  on  the  time-averaged  velocities  should  generally  result.  With  these 
results,  the  range  of  possible  trajectories  produced  at  indiscriminate  firing  times 
would  be  established,  as  well  as  whether  or  not  the  provision  of  a mechanism  for 
firing  synchronisation  in  the  aircraft  instrumentation  is  desirable. 
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The  following  conclusions  apply  to  the  AH-1G  helicopter  operating  at  hover 
and  low  speed  flight  conditions: 

1.  Although  the  effect  of  the  aerodynamic  interference  of  the  rotor  wake 
on  the  rocket  trajectories  remains  to  be  determined,  the  magnitudes  of  ths 
predicted  induced  velocity  components  at  the  trajectories  appear  to  be  sig- 
nificant considering  that  they  can  exceed  the  rocket  launch  velocity.  Values 
of  the  downward  induced  velocity  component  as  high  as  70  fps  (time-averaged) 
and  130  fps  (instantaneous)  were  predicted. 

2.  Of  the  three  velocity  components,  the  greatest  induced  velocities  were 
predicted  for  the  downward  component  normal  to  the  rocket  trajectory.  The 
component  along  the  rocket  trajectory  was  generally  next  in  order  of  magni- 
tude, and  the  smallest  velocity  magnitudes  were  predicted  for  the  lateral 
component . 

3.  Aa  the  rocket  moves  from  its  launch  position,  the  downward  velocity 
component  increases  as  the  wake  boundary  is  approached.  As  the  rocket 
moves  to  the  outside  of  the  rotor  wake  the  magnitude  of  the  downward 
velocity  decreases  abruptly,  and  becomes  insignificant  within  a distance 
of  one  rotor  diameter  from  the  launch  position. 

4.  The  position  of  the  intersection  of  a rocket  trajectory  with  the  wRke 
boundary  is  most  influential  for  it  determines  the  length  of  time  that  the 
rocket  remains  in  the  higher  induced  velocity  region  inside  the  wake.  It 
also  determines  the  location  where  the  close  proximity  to  a tip  vortex  can 
result  in  a high  induced  velocity.  The  importance  of  the  wake  boundary 
location  establishes  the  importance  of  accurately  determining  the  items 
which  establish  the  wake  skew  angle  --  flight  speed , rotor  and  aircraft 
attitude,  and  aircraft  gross  weight  (rotor  thrust). 

5.  Considering  the  variation  of  the  predicted  induced  velocities  with 
flight  speed,  the  influence  of  the  wake  aerodynamic  interference  on  the 
rocket  trajectories  is  expected  to  decrease  with  increasing  flight  speed. 

In  hover,  the  predicted  velocities  are  the  highest,  and  the  rocket  remains 
in  the  wake  for  the  longest  period  of  time.  For  flight  speeds  greater  than 
approximately  30  kts,  the  rotor  wake  generally  passes  behind  the  rochet 
launch  position  whl^h  significantly  reduces  the  wake  induced  effects. 

6.  large  induced  velocity  variations  with  time  occur  at.  points  on  the 
rocket  trajectory  near  the  wake  boundary.  These  variations  are  caused  by 
the  passage  of  the  tip  vortices.  If  the  high  impulsive  type  velocities 
induced  by  the  close  passage  of  a tip  vortex  are  *‘_«und  to  significantly 
alter  the  flight  path  of  the  rocket,  a meehansia  for  synchronising  the 
rocket  firing  time  with  the  rotor  posit! on  for  minimum  tip  vortex  inter- 
ference may'  be  desirable. 
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7.  The  variation  of  the  predicted  time-averaged  induced  velocity  components 
between  the  four  rockets  of  the  AH-1G  helicopter  is  within  *10  fps  at  similar 
points  along  the  trajectories. 

8.  It  is  necessary  to  use  an  accurate  rotor  wake  model  in  calculations 
directed  toward  predicting  induced  velocities  at  rocket  trajectories.  The 
use  of  an  undistorted  wake  model  rather  than  a realistic  distorted  wake 
model  results  in  significant  differences  in  predicted  induced  velocities. 

9.  Small  variations  (4  degrees)  in  rocket  launch  attitude  produce  small 
induced  velocity  changes  at  the  rocket  trajectories  except  near  the  wake 
boundary  where  the  variations  produce  a difference  in  the  phasing  of  the 
velocities  associated  with  the  relation  between  rotor  position  and  the 
passage  of  a tip  vortex.  This  is  generally  also  true  for  small  variations 
in  rocket  launch  point.  However,  vertical  and/or  longitudinal  variations 
in  launch  point  produce  significant  variations  in  induced  velocities  near 
the  launch  point  at  approximately  30  kts  due  to  the  movement  of  the  point 
from  inside  to  outside  of  the  rotor  wake  or  vice  versa.  The  relative 
position  of  the  rocket  launch  point  to  the  wake  boundary  could  also  be 
varied  by  changes  in  any  of  the  factors  which  determine  the  wake  boundary 
(flight  speed,  aircraft  gross  weight,  and  rotor/fuselage  attitude). 


BECOWCMBATIOMS 


1.  Several  factors  which  were  approximated  or  neglected  in  the  analytical 
calculations,  should  be  considered.  These  are  wake  instability  end  dissi- 
pation, vortex  core  size,  the  selection  of  the  finite  spatial  and  temporal 
increments  used  in  the  analyses,  and  wing  and  fuselage  interference  effects. 
Also,  the  possible  requirement  for  iterating  between  the  induced  velocities 
and  the  rocket  trajectory  should  be  considered. 

2.  The  effect  of  the  rotor  wake  induced  velocities  determined  in  this  investi- 
gation on  the  rocket  trajectories  should  be  calculated  using  the  Army  rocket 
dynamic  response  analysis  and  the  procedures  described  herein*.  Using  these 
procedures , the  deviations  of  the  rocket  trajectories  can  be  determined,  and 
the  degree  of  accuracy  required  of  the  induced  effects  for  rocket  trajectory 
calculations  would  be  established. 

The  rotor  wake  effects  for  flight  conditions  other  than  those  investigated 
herein  should  be  determined.  In  particular,  calculations  for  specific  flight 
conditions  for  which  flight  test  rocket  trajectory  data  become  available 
should  be  performed  for  correlation  purposes.  Also,  the  sensitivity  of  the 
results  to  variations  of  the  significant  parameters  in  actual  aircraft 
operation  which  influence  the  wake  strength  and  wake/ rocket  positioning 
should  be  investigated. 

h.  Model  helicopter  tests  should  be  conducted  to  acquire  systematic  experimental 
data  on  this  rocket  aerodynamic  interference  problem.  Model  hover! nr  and 
wind  tunnel  facilities  and  experimental  flow  measurement  visualization  tech- 
niques, such  as  those  available  at  the  United  Aircraft  Research  Laboratories, 
should  be  used  to  measure  the  wake  boundaries  and  flow  velocities  in  the 
regions  of  the  rocket  trajectories.  Combined  model  rotor- fuselage- wing 
testing  (as  discribed  in  Ref.  u),  application  of  flow  visualization  techniques 
(such  »s  those  reported  in  References  1,  2,  3 and  d ) , and  application  of 
laser  veioeiaeter  techniques  (as  reported  in  Reference  11)  to  measure  flow 
velocities,  should  be  conducted.  The  results  of  such  an  experimental  program 
wool ‘ provide  data  for  correlation  with  theory  and  for  a systematic  determin- 
ation of  the  to*ai  and  separate  influence  of  eeeh  of  the  aircraft  components 
(rotor,  fuselaye  and  wing)  and  significant  parameters  (flight  speed,  gross 
veirot,  aircraft  attitude,  etc.'.  In  addition,  the  determination  of  the 
velocity  field  at  potential  L<xraticcis  for  vir«d  sensors  mounted  cn  the  aircraft 
would  anal st  in  solving  the  problem  of  accurately  measuring  the  low  aircraft 
flight  speeds  required  in  accordance  with  current  rocket  firing  tactics. 


* These  calculations  are  urrently  in  progress  at  the  Army  ?! c 6 tinny  Arsenal. 
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Figure  1. 


Scheaatic  of  AH-  1C-  Helicopter  Shewing  Assumed  Rocket 
Trajectories  and  Coordinate  Gysteo. 


KC2-K-? 


bJPII 


K*.-. 


mM. 

BfStlf 


tn 

i/y  w uj 

o 2*  iu  i 

uj  h ^ n 
U 5 y K 

2 o o u 

Q j K UJ 

z u J-  J 
> < £ 

H 


«ii a 

5 < w 
5 s 59 
M cp  u; 
~ C S 
~ u. 

< e i* 


Figure  2.  Components  of  the  UARL  Rotor  Analyst 


Figure  4(a).  Computer  Wake  Representation  for  a Forward 
Flight  Condition  --  Undistorted  Wake  Model 
All  Filaments  Shown. 
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Figure  4(b).  Computer  Wake  Representation  for  a Forward 
Flight  Condition  --  Undistorted  Wake  Model 
Tip  Filaments  Only. 


Figure  5 . Computer  Wake  Representation  for  a Forward  Flight 
Condition  --  Distorted  Wake  Model. 


Figure  9.  Distorted  Tip  Vortex  Geceetry  (Analytical)  for  15  Kt 
Flight  Condi ties  and  Botor  Positicn  1. 
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Figure  17.  Variation  of  Instantaneous  vxrp  Velocity  Con?ponent  Along 
the  Four  Rocket  Trajectories’  for  One  Rotor  Position  — 

0 Kt,  Distorted  Wake,  Rotor  Position  1 ( Y = 0,  l80  Deg). 
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Figure  18.  Variation  of  Instantaneous  vx>j  Velocity  Component  With 
Rotor  Position  for  Selected  Points  on  One  Rocket 
Trajectory  --  O Kt,  Distorted  Wake,  Rocket  No.  4 
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Figure  21.  Variation  of  Instantaneous  vyj,  Velocity  Component  With 
Rotor  Position  for  Selected  Points  on  One  Rocket 
Trajectory  — 0 Kt,  Distorted  Wake,  Rocket  No.  U 
(yr  = 0.22). 
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Figure  22.  Variation  of  Tiae-Averaged  v2t  Velocity  Ccepctient  Along 
the  Four  Rocket  Trajectories  — 0 Kt,  Ubdistorted  Wake. 
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Figure  2U.  Variation  of  Tise -Averaged  vKr  Velocity  Ccesponent  Along 
the  Four  Rocket  Trajectories  *-  0 Kt,  Undistorted  Wake - 
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Figure  28.  Relative  Positions  of  Socket  Trajectories  to  Tip  Vortices 
st  Intersection?  With  torvsrd  Wake  Boundary. 
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POSITION  ALONG  ROCKET  TRAJECTORY,  xT 
Figure  31.  Variation  of  Instantaneous  vz^.  Velocity  Component  Along 
One  Rocket  Trajectory  for  Selected  Rotor  Positions  -- 
15  Kt,  Distorted  Wake,  Rocket  No.  4 (Y"  = 0.22). 
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Figure  32 . Variation  of  Instantaneous  vZT  Velocity  Component  With 
Rotor  Position  for  Selected  Points  on  One  Rocket 
Trajectory  --  15  Kt,  Distorted  Wake,  Rocket  No.  4 
(yT  = 0.22). 
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Figure  37.  Variation  of  rise -Averaged  vZT  Velocity  Coeponent  Along 
the  Four  Rocket  Trajectories  — 15  Kt,  Unaistortea  Wake. 
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Figure  38.  Variation  of  Instantaneous  vZt  Velocity  Component  With 
Rotor  Position  for  Selected  Points  on  One  Rocket 
Trajectory  — 15  Kt,  Undistorted  Wake,  Rocket  No.  h 

(yT  = 0.22). 
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Figure  39 
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Figure  40.  Variation  of  Instantaneous  vx^  Velocity  Components  With 
Rotor  Position  for  Selected  Points  cn  One  Rocket 
Trajectory  --  15  Kt,  Undiotorted  Wake,  Rocket  No.  '•* 

'yT  = 0.22). 
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siRure  « 3 • Variation  of  Ties -Averaged  vST  Velocity  Component  Along 
tae  Four  Rocket  Trajectories  — 30  Kt,  Distorted  i&ke. 
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Figure  W*.  Variation  of  Instantaneous  vZT  Velocity  Component  Along 
the  Four  Rocket  Trajectories  for  One  Rotor  Position  -- 
30  Kt,  Distorted  Wake,  Rotor  Position  1 {V  = 0,  l80  Deg) 
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figure  45.  Variation  cf  Instantaneous  vZt  Velocity  Component  Along 
One  Rocket  Trajectory  for  Selected  Rotor  Positions  -- 
30  Kt,  Distorted  Wake,  Rocket  No.  4 (yT  = 0.22). 
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Figure  47.  Variation  of  Time -Averaged  vXt  Velocity  Component  Along 
the  Four  Rocket  Trajectories  --  30  Kt,  Distorted  Wake. 
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Variation  of  Instantaneous  vXT  Velocity  Component  With 
Rotor  Position  for  the  Four  Rocket  Launch  Points 
(xj  =0)  — 30  Kt„  Distorted  Wake. 
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Figure  49.  Variation  of  Time -Averaged  Vjnp  Velocity  Component  Along 
th*  Four  Rocket  Trajectories  — 30  Kt,  Distorted  Wake. 
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Figure  50.  Variation  of  Instantaneous  VyT  Velocity  Component  With 
Rotor  Position  for  the  Four  Rocket  Launch  Points 
(xij.  = 0)  --  30  Kt,  Distorted  Wake. 
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Figure  52.  Variation  of  Instantaneous  vz„  Velocity  Component  With 
Rotor  Position  for  Selected  Points  on  One  Rocket 
Trajectory  — 30  Kt,  Undi3torted  Wake,  Rocket  No.  4 
(y-r  = 0.22) . 


76 


R02-65-13 


POSITION  ALONG  ROCKET  TRAJECTORY,  xT 


Figure  )3,  Variation  of  Time -Averaged  vKT  Velocity  Component  Along 
the  Four  Rocket  Trajectories  --  30  Kt,  Undistorted  Wake. 
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Figure  54.  Variation  of  Instantaneous  vXt  Velocity  Cosponent  With 
Rotor  Position  for  Selected  Points  on  One  Rocket 
Trajectory  --  30  Kt,  Ur.distorted  Wake,  Rocket  No.  4 
'yT  = 0.22), 
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the  Four  Rocket  Trajectories  --  30  Kt,  Undistorted  Wake. 
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Figure  59.  Effect  of  Variation  of  Rocket  Launch  Position  on 
Instantaneous  vZT  Velocity  Component  Near  the  Wake 
Boundary  --  30  Kt,  Undistorted  Wake,  Rocket  No.  4, 
(xT  = 0). 
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R02-6C-17 


Figure  60.  Isometric  View  of  Fuselage  Modelled  by  Computerized 
Geometry  Method. 


Figure  62.  Fuselage  Induced  Velocities  Along  Rocket  Trajec- 
tories — yT  = 65$  Fuselage  Width. 
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Figujw  63.  Fuaelsg*  Induced  Velocities  Along  Rocket  Ts-ajec 
toriea  — yT  « 108$  Fuselage  Width. 
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